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RotorAbstract In order to alleviate the dynamic stall effects in helicopter rotor, the sequential quadratic
programming (SQP) method is employed to optimize the characteristics of airfoil under dynamic
stall conditions based on the SC1095 airfoil. The geometry of airfoil is parameterized by the
class-shape-transformation (CST) method, and the C-topology body-ﬁtted mesh is then automati-
cally generated around the airfoil by solving the Poisson equations. Based on the grid generation
technology, the unsteady Reynolds-averaged Navier-Stokes (RANS) equations are chosen as the
governing equations for predicting airfoil ﬂow ﬁeld and the highly-efﬁcient implicit scheme of
lower–upper symmetric Gauss–Seidel (LU-SGS) is adopted for temporal discretization. To capture
the dynamic stall phenomenon of the rotor more accurately, the Spalart–Allmaras turbulence
model is employed to close the RANS equations. The optimized airfoil with a larger leading edge
radius and camber is obtained. The leading edge vortex and trailing edge separation of the opti-
mized airfoil under unsteady conditions are obviously weakened, and the dynamic stall character-
istics of optimized airfoil at different Mach numbers, reduced frequencies and angles of attack are
also obviously improved compared with the baseline SC1095 airfoil. It is demonstrated that the
optimized method is effective and the optimized airfoil is suitable as the helicopter rotor airfoil.
ª 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The motions of helicopter rotor blade include pitching motion,
ﬂapping motion, rotation and so on. Therefore the rotor
blades work at extraordinary serious unsteady environment
compared with the ﬁxed-wing aircraft in normal forward
ﬂight, and the aerodynamic characteristics of rotor airfoil are
more complex, especially in the maneuvering ﬂight. As a result,
a lot of bad inﬂuences, such as stall ﬂutter, noise increasing,
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unsteady characteristics of airfoil dynamic stall.1 Therefore
the dynamic stall characteristics of rotor airfoil have signiﬁcant
inﬂuences on the performance of aerodynamics, noise and
vibration of helicopter. Therefore, the dynamic stall character-
istics of the rotor airfoil have become a hotspot in the ﬁeld of
helicopter unsteady aerodynamics.
Consequentially, it is important to eliminate the dynamic
stall effects of airfoil for helicopter rotor. A lot of investigations
on the rotor airfoil dynamic stall have been accomplished in the
last 40 years in order to understand the underlying unsteady
ﬂow physics and airfoil shape dependencies, including experi-
mental researches2–7 and theoretical researches.8–11 Recently,
the passive and active techniques,12,13 such as vortex genera-
tors, leading edge droop, zero-mass jets and so on, have been
successfully used to alleviate the unsteady aerodynamic charac-
teristics. However, most of these schemes are designed at the
steady aerodynamic states and the unsteady results are some-
times unpredictable when wind tunnel is tested.14 What’s more,
the additional equipment used for active control would be
installed in the helicopter blade. As a result, it is inevitable to
increase the mass of blade and instability of rotor control sys-
tem. Therefore, it is useful and important to design a new airfoil
to alleviate the dynamic stall characteristics of rotor blades.
With the developments of computer technology in the past
30 years, the computational ﬂuid dynamics (CFD) method has
been employed to investigate the dynamic stall characteristics
of airfoil.15–18 Compared with the experimental methods, the
CFD method has advantages of shorter time consuming and
lower cost. Besides, this method can be used to predict the
unsteady ﬂowﬁeld of aircraft. With these advantages, it is pos-
sible to quickly predict the dynamic stall characteristics of
rotor blades in 2D or 3D conditions. Incorporated with
optimization method, the CFD method may be employed to
accomplish the optimization of aerodynamic shape of rotor
airfoil under dynamic stall conditions.
Currently, the rotor airfoil is usually designed at the typical
steady conditions.19–22 As a result the aerodynamic perfor-
mances of airfoil at unsteady conditions would have huge dif-
ferences compared with steady states. In order to obtain a
better unsteady aerodynamic performances of airfoil applied
in the actual environment of helicopter rotor, the sequential
quadratic programming (SQP) optimizing method incorpo-
rated with unsteady CFD method has been established in this
paper to design a new rotor airfoil based on SC1095 airfoil
aimed at alleviating the dynamic stall characteristics of rotor
airfoil, especially to reduce the peaks of drag coefﬁcient and
pitching moment coefﬁcient. Finally, a new airfoil suitable
for the helicopter rotor has been designed. Compared with
the baseline airfoil, the optimized airfoil has mild dynamic stall
characteristics of drag coefﬁcient and pitching moment coefﬁ-
cient at different Mach numbers, reduced frequencies and
angles of attack.
2. Numerical method
2.1. Method of optimization
Because the computational cost of unsteady optimization of
rotor airfoil is enormous, the choice of optimized method
would be the key point in the process of optimization.Besides, the optimized method should be capable of dealing
with the multiple constraint conditions. As a result, the SQP
method23 which is based on the gradient algorithm is employed
in this paper to accomplish the optimized design process for
rotor airfoil under the dynamic stall condition. The problem
of optimization can be summarized as the form of nonlinear
programming problem:
min fðxnÞ
s:t: ciðxnÞP 0
ð1Þ
where the vector of xn denotes design variables which would be
obtained from the parameters of the class-shape-trans-
formation (CST) method. The subscript of n denotes the
circulation of optimization. The subscript of i denotes the
number of constraint condition. The purpose of the optimized
case presented in this paper is to alleviate the divergence of the
drag coefﬁcient and pitching moment coefﬁcient during the
dynamic stall cycle while keeping the hysteresis loop of lift
coefﬁcient not being deviated from the original values of lift
coefﬁcient too much. As a result, the objective function and
constraint conditions would be deﬁned as
min lg
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where b ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1Ma2
p
; CL, CD and Cm represent the time vari-
ant lift coefﬁcient, drag coefﬁcient and pitching moment coefﬁ-
cient during each step of a dynamic stall cycle; Tmax denotes the
maximum thickness of rotor airfoil, subscript ‘‘0’’ the original
airfoil, a the angle of attack of airfoil during the pitching cycle
and N the number of physical time step in each dynamic stall
cycle.
According to the Lagrange function, this nonlinear pro-
gramming problem in Eq. (1) can be rewritten as a quadratic
programming problem, i.e.,
min
1
2
dTBdþrfðxnÞTd
s:t: rcðxnÞTdþ cðxnÞP 0
ð3Þ
where the vector of d denotes the search direction and it can be
obtained by solving the quadratic programming problem in
Eq. (3); B is the approximation of Hessen matrix and it would
be renewed at each cycle of optimization. Finally, the new
design variables can be calculated by
xnþ1 ¼ xn þ rd ð4Þ
where r denotes the step length and it would be solved by
using one-dimension searching. As a result, the new airfoil
would be formed through these design variables.
2.2. CFD method for unsteady ﬂowﬁeld
The C-topology computational grid around rotor airfoil is
generated by solving the Poisson equations. The control equa-
tions of the grid generation in two-dimension condition can be
written as
nxx þ nyy ¼ Pðn; gÞ
gxx þ gyy ¼ Qðn; gÞ
(
ð5Þ
348 Q. Wang et al.where Pðn; gÞ and Qðn; gÞ denote the control functions. The
function Pðn; gÞ can change the angle between the grid line
g= const and the boundary. The function Qðn; gÞ can change
the interval between the grid line n= const and the boundary.
The sketch of the grid around airfoil is shown in Fig. 1. The
computational region of the airfoil is consists of 459 · 70
points.
In order to satisfy the requirements of unsteady calcula-
tions, the deforming grid is employed to simulate the ﬂowﬁeld
of rotor airfoil under dynamic stall conditions. The outside
boundary of the grid would be ﬁxed when the airfoil and inside
grid rotate around the 1/4 chord of mean camber line with dif-
ferent extents. As a result, the geometric conservation law is
introduced to avoid the error due to the deformation of grid
@
@t
Z
X
dX
I
@X
VmndS ¼ 0 ð6Þ
where X represents the control volume, t the physical time, Vm
the moving velocity of grid edges, S the face of mesh and n
denotes the unit normal vector of face.
The comparison of original grid with deforming grid
around rotor airfoil is shown in Fig. 2. It should be noticed
that the deforming grids around the airfoil still keep well
orthogonality even at 30 of angle of attack. It is demonstrated
that the deforming grid methodology is suitable for the
computation of airfoil ﬂowﬁeld under dynamic stall.
The integral form of the Navier–Stokes equations is
employed to calculate the unsteady two-dimensionFig. 2 Comparison of original grid with deforming grid around
airfoil.
Fig. 1 Computational grid around SC1095 airfoil.compressible ﬂowﬁeld of airfoil. The integral form of the
Navier–Stokes equations would be written as
@
@t
Z
X
WdXþ
I
@X
ðF FvÞndS ¼ 0 ð7Þ
where W represents the vector of conserved variables,
F is related to the convective transport of quantities in
the ﬂuid and Fv denotes the vector of viscous ﬂuxes, as
follows:
W ¼ q qu qv qE½ T
F ¼
qVr
quVr þ nxp
qvVr þ nyp
qHVr þ Vmp
2
6664
3
7775
Fv ¼
0
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where Vr ¼ V Vm and V represents the contravariant veloc-
ity, q and p represent density and pressure of airﬂow respec-
tively, u and v represent the Cartesian velocity components,
E and H represent the total energy and total enthalpy per unit
mass respectively. The term sij is correlated with the calcula-
tion of viscous, Hx and Hy are the terms describing the work
of the viscous stresses and of the heat conduction in the ﬂuid.
Governing equations are discretized by using a ﬁnite volume
method with second-order accuracy cell-centered evaluation
of conservative variables.
In order to predict the ﬂowﬁeld of rotor airfoil under
dynamic stall conditions, the dual time-stepping approach is
employed to solve the temporal discretization. The Eq. (7)
can be rewritten as a discrete form
3Xnþ1Wnþ1  4XnWn þ Xn1Wn1
2Dt
þ RðWnþ1Þ ¼ 0 ð9Þ
where Dt denote the global physical time step. Then the pseudo
time step is superimposed in
dðXnþ1Wnþ1Þ
ds
þ RðWnþ1Þ ¼ 0 ð10Þ
where
RðWnþ1Þ¼ 3X
nþ1Wnþ14XnWnþXn1Wn1
2Dt
þRðWnþ1Þ ð11Þ
The implicit lower–upper symmetric Gauss–Seidel (LU-
SGS)24,25 scheme is employed to reduce the computational
time and increase the accuracy in the calculation of pseudo
time step. The LU-SGS scheme is based on the factorization
of the implicit operator into the following three parts,
ðDþ LÞD1ðDþUÞDWn ¼ Rn ð12Þ
where L consists of terms in the strictly lower triangular
matrix, U consists of terms in the strictly upper triangular
matrix and D consists of diagonal terms. As a result, the sys-
tem matrix of the LU-SGS scheme can be inverted in two
steps: a forward and a backward sweep, i.e.,
ðDþ LÞDWð1Þ ¼ Rn
ðDþUÞDWðnÞ ¼ DDWð1Þ
(
ð13Þ
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vects through the upper surface of airfoil during the dynamic
stall, the one equation Spalart–Allmaras turbulence model26
is employed in the paper to simulate the turbulent viscosity.
The CFD computational results compared with experimen-
tal data under dynamic stall conditions are shown in Fig. 3,
and it can be seen that the CFD results are correlated well with
the experimental data. As a result, it is demonstrated that the
present CFDcode is suitable for the optimization of rotor airfoil
under dynamic stall conditions. The symbols k,Ma,Re and a in
the ﬁgure represent the reduced frequency, free stream Mach
number, Reynolds number and angle of attack, respectively.
Finally, the process of the optimization of rotor airfoil
under dynamic stall condition in this paper would be summar-
ized in Fig. 4.Fig. 3 Comparison of lift coefﬁcients of SC1095 airfoil under dyn
Fig. 4 Flowchart of optimization for a3. Results of optimization and analyses
The case of optimization is based on the classical SC1095 air-
foil which is used by the famous ‘‘Black-hawk’’ helicopter
(UH-60A), and the CST method27,28 with 12 design variables
is employed to ﬁt the geometry of the airfoil. The reduced fre-
quency and Mach number presented in the case of airfoil
optimization under dynamic stall condition are 0.1 and 0.3,
respectively, and the Reynolds number is ﬁxed on 3.75 · 106.
The mean angle of attack is 10.0 and the sinusoidal pitching
motion of amplitude is 8.0.
With 5th cycles of optimization and about 61 CPU hours
consumption, the optimized airfoil is shown in Fig. 5. It could
be noticed that the new airfoil has a larger leading edge radius
and camber. The maximum thickness of optimization airfoil isamic stall calculated by CFD method with experimental data.
irfoil under dynamic stall condition.
350 Q. Wang et al.0.098 and the area is 0.073 which is slightly larger than the
maximum thickness (0.095) and area (0.066) of baseline
SC1095 airfoil.
The pressure coefﬁcients Cp of SC1095 airfoil and opti-
mized airfoil at time variant step are shown in Fig. 6, respec-
tively. It can be seen that the Cp of SC1095 airfoil have
sharp adverse pressure gradient nearby the leading edge of
the airfoil. As a result, the stream would be separated from
the leading edge easily and the leading edge vortex would be
generated at a small angle of attack during the dynamic stall
process. It should also be noticed that the variation of the
Cp is severe because of the convection of the leading edge vor-
tex. On the contrast, the adverse pressure gradients of Cp of the
optimized airfoil are mild, and the proﬁles of these Cp curves at
different physical time steps are similar since there is no
obvious leading edge vortex which sheds and convects through
the upper surface of airfoil. It means that the stream sep-
aration might happen at higher angle of attack of airfoil.
The comparisons of time variant aerodynamic characteris-
tics between the optimized airfoil and SC1095 airfoil are shown
in Fig. 7. The hysteresis loops of optimized airfoil about drag
coefﬁcient, pitching moment coefﬁcient and lift coefﬁcient pre-
sent a light dynamic stall phenomenon. On the contrary, the
hysteresis loops of SC1095 airfoil present a deep dynamic stall
phenomenon. It means that the dynamic stall aerodynamic
characteristics of optimized airfoil have been obviously allevi-
ated compared with the SC1095 airfoil, especially for the drag
coefﬁcient and pitching moment coefﬁcient. The reductions of
the peak values for both drag coefﬁcient and pitching moment
coefﬁcient are almost about 80%. The peak values of timeFig. 5 Comparison of baseline SC1095 airfoil with optimized
airfoil.
Fig. 6 Comparison of Cp of SC10variant lift coefﬁcient are not reduced during the pitching up
process, meanwhile the lift coefﬁcient during the pitching down
process is increased and closed to the value of static state.
The stream lines and the vortex contour lines of both
SC1095 airfoil and optimized airfoil at special angles of attack
are shown in Fig. 8. It can be noticed from Fig. 8(a) that the
stream lines at 16.2 of angle of attack (Point 1 in Fig. 7(c))
during the upstroke process attach on the surfaces of both
SC1095 airfoil and optimized airfoil. As the angle of attack
enlarges (Point 2 in Fig. 7(c)), a vortex forms near the leading
edge of the SC1095 airfoil. As shown in Fig. 8(e) (Point 3 in
Fig. 7(c)), the vortex convects to the trailing edge of the
SC1095 airfoil and the stream lines separate from the leading
edge of the airfoil. Until the angle of attack decreases to
13.8 (Point 4 in Fig. 7(c)), the stream lines gradually reattach
on the surface of the SC1095 airfoil. On the contrast, the
stream lines of optimized airfoil always attach on the surface
of the airfoil during the whole dynamic stall cycle. It can be
seen from these ﬁgures that the separated leading edge vortex
has been successfully weakened for the optimized airfoil. As a
result, this characteristic is very useful to keep the pitching
moment coefﬁcient of airfoil smaller, as shown in Fig. 7(b).
A suitable rotor airfoil of helicopter should have good
unsteady aerodynamic characteristics at a wide range of Mach
numbers, reduced frequencies and angles of attack. Therefore,
to verify the global aerodynamic characteristics of the opti-
mized airfoil, some numerical cases of comparison between
the optimized airfoil and SC1095 airfoil under different
dynamic stall conditions are shown in Figs. 9-14, respectively.
3.1. Case 1
The case shown in Figs. 9 and 10 is the comparison between
the optimized airfoil and the SC1095 airfoil at the reduced fre-
quency of 0.075. It may be noticed that the characteristics of
optimized airfoil during dynamic stall cycle also have obvious
improvement compared with the SC1095 airfoil at the state
which is different from the optimized design point (reduced
frequency of 0.1). The peak values of drag coefﬁcient and
pitching moment coefﬁcient of the optimized airfoil during
the pitching cycle are also obviously decreased and the drag
coefﬁcient and pitching moment coefﬁcient do not diverge.
The stream lines and vortex contour lines on the optimized air-
foil and SC1095 airfoil at 17.9 of angle of attack (correspond-
ing to the peak value of drag and moment coefﬁcient of
SC1095 airfoil) are shown in Fig. 10. It can be seen that there95 airfoil with optimized airfoil.
Fig. 7 Comparison of time variant aerodynamic characteristics of SC1095 with optimized airfoil (Ma= 0.3, Re= 3.75 · 106, k= 0.1,
a= 10+ 8sin(xt)).
Fig. 8 Comparison of stream lines and vortex contour lines of SC1095 airfoil with optimized airfoil (Ma= 0.3, Re= 3.75 · 106,
k= 0.1, a= 10+ 8sin(xt)).
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SC1095 airfoil while the airﬂow attaches on the surface of opti-
mized airfoil.
3.2. Case 2
The case with larger angle of attack (a ¼ 12 þ 10 sinðxtÞ) is
shown in Figs. 11 and 12. Compared to the SC1095 airfoil,
it can be seen that the drag divergent angle of attack and
moment divergent angle of attack of the optimized airfoil are
postponed nearly about 4.0, and the peak values of drag
and moment coefﬁcients of the optimized airfoil decrease byabout 10%. While the hysteresis loop of lift coefﬁcient is basi-
cally the same as the SC1095 airfoil, but the maximum lift
coefﬁcient of the optimized airfoil is larger than the value of
the SC1095 airfoil. From the ﬁgures of stream lines and vortex
contour lines shown in Fig. 12, it could be noticed that the
stream lines of the SC1095 airfoil separate from the upper sur-
face at 21.1 of angle of attack (corresponding to peak value of
drag coefﬁcient and pitching moment coefﬁcient). On the con-
trary, the airﬂow still attaches on the upper surface of the opti-
mized airfoil at the same angle of attack.
Another case with smaller reduced frequency (0.075) at
the same Mach number and angle of attack is shown in
Fig. 9 Comparison of time variant aerodynamic characteristics of SC1095 with optimized airfoil (Ma= 0.3, Re= 3.75 · 106,
k= 0.075, a= 10+ 8sin(xt)).
Fig. 10 Comparison of stream lines and vortex contour lines of SC1095 airfoil with optimized airfoil (Ma= 0.3, Re= 3.75 · 106,
k= 0.075, a= 10+ 8sin(xt)).
Fig. 11 Comparison of time variant aerodynamic characteristics of SC1095 with optimized airfoil (Ma= 0.3, Re= 3.75 · 106, k= 0.1,
a= 12+ 10sin(xt)).
Fig. 12 Comparison of stream lines and vortex contour lines of SC1095 airfoil with optimized airfoil (Ma= 0.3, Re= 3.75 · 106,
k= 0.1, a= 12+ 10sin(xt)).
352 Q. Wang et al.Appendix A. It could be noticed from Fig. A1 in Appendix A
that the drag divergent angle of attack and moment divergent
angle of attack are postponed about 3.5.
3.3. Case 3
The comparisons of time variant aerodynamic characteristics
at larger Mach number (0.4) between the optimized airfoiland the SC1095 airfoil during dynamic stall condition are
shown in Figs. 13 and 14. As shown in Fig. 14, the leading edge
vortex strength (at 17.2 of angle of attack) of the SC1095 air-
foil is much larger than the value of the optimized airfoil.
Consequently, it can be noticed from Fig. 13 that the aerody-
namic characteristics about drag and moment coefﬁcient of the
optimized airfoil are better than those of the SC1095 airfoil.
The divergent angle of attack of drag coefﬁcient and pitching
Fig. 13 Comparison of time variant aerodynamic characteristics of SC1095 with optimized airfoil (Ma= 0.4, Re= 5.0 · 106, k= 0.1,
a= 10+ 8sin(xt)).
Fig. 14 Comparison of stream lines and vortex contour lines of the SC1095 airfoil with optimized airfoil (Ma= 0.4, Re= 5.0 · 106,
k= 0.1, a= 10+ 8sin(xt)).
Fig. 15 Comparisons of aerodynamic characteristics of SC1095 airfoil with optimized airfoil under steady conditions (Ma= 0.3,
Re= 3.75 · 106).
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2.0 in the upstroke process, and the peak values of these
coefﬁcients also decrease by about 15%. Meanwhile, the time
variation of lift coefﬁcient of airfoil during the pitching up pro-
cess increases a little.
3.4. Case 4
Because the blade of helicopter rotor usually has negative twist,
the pitch angle of airfoil would be decreased nearby the blade-
tip position. According to the actual condition of helicopter,
another two cases with smaller angle of attack and smaller
reduced frequency are shown in Appendix A, respectively.
From these cases, it can be noticed that the aerodynamic char-
acteristics of the optimized airfoil in Figs. A2 and A3 have the
same improving tendency which is shown in Case 3 compared
with the SC1095 airfoil.
Because the hovering ﬂight is an important ﬂight condition
for the helicopter, the static characteristics of rotor airfoil
should also be considered when choosing an airfoil for the
rotor of helicopter. Therefore, the comparisons of aerody-
namic characteristics under static condition between the opti-
mized airfoil and the SC1095 airfoil are shown in Fig. 15 at
the Mach number equal to 0.3. It can be seen from
Fig. 15(a) that the drag divergent angle of attack of optimized
airfoil increases about 1.5 compared with the SC1095 airfoil.
The moment coefﬁcient about 1/4 chord of the optimized air-
foil shown in the Fig. 15(b) is much closer to the zero value
compared with the SC1095 airfoil, and the divergence angle
of attack of moment coefﬁcient is also larger than that of the
SC1095 airfoil. The lift coefﬁcient curve is shown in
Fig. 15(c), and it can be seen that the lift coefﬁcient of the
optimized airfoil increases by about 0.05 compared with the
SC1095 airfoil at the same angle of attack because the opti-
mized airfoil has a larger camber. Moreover, the maximum lift
coefﬁcient of optimized airfoil is enlarged by about 0.1, and
the static stall angle of attack is also increased by about 1.0.
Finally, it is manifested that the optimized airfoil has a better
potential performance under hovering ﬂight conditions com-
pared with the SC1095 airfoil.
Since the rotor blade of helicopter works at a wide Mach
numbers, another case with higher Mach number (0.4) is
shown in Appendix A. From the new case, aerodynamic char-
acteristics of the optimized airfoil in the Fig. A4 have the same
variant tendency as the Case 4 with Mach number 0.3.Fig. A1 Comparison of time variant aerodynamic characteristics
k= 0.075, a= 12+ 10sin(xt)).4. Conclusions
In this paper, the SQP optimized method incorporated
with unsteady CFD code is employed to design a new
airfoil for helicopter rotor. The purpose of this optimization
methodology is to alleviate the drag coefﬁcient and pitching
moment during the dynamic stall cycle. Finally, a new airfoil
is designed by the optimization method based on the SC1095
airfoil.
(1) The optimized airfoil has a larger leading edge radius
and camber compared with the SC1095 airfoil. With
these geometric characters, the separated ﬂow of the
optimized airfoil under dynamic stall condition is
obviously weakened and the leading edge vortex of the
optimized airfoil is almost eliminated at the design
point. The optimized airfoil has better characteristics
of drag coefﬁcient and pitching moment coefﬁcient com-
pared with the SC1095 airfoil. The peak values of drag
coefﬁcient and pitching moment coefﬁcient are both
reduced by nearly 80%.
(2) The optimized airfoil also has good performances of
dynamic stall characteristics at different angles of
attack, reduced frequencies and Mach numbers.
Moreover, the aerodynamic characteristics of the opti-
mized airfoil at static state are also improved compared
with the SC1095 airfoil. It is demonstrated that the opti-
mized airfoil would have a better potential aerodynamic
characteristics in hovering ﬂight.
The future work would be focused on increasing the Mach
number of design point to satisfy the more requirements of
rotor airfoil.
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See Figs. A1–A4.of SC1095 with optimized airfoil (Ma= 0.3, Re= 3.75 · 106,
Fig. A3 Comparison of time variant aerodynamic characteristics of SC1095 with optimized airfoil (Ma= 0.4, Re= 5.0 · 106, k= 0.05,
a= 8+ 8sin(xt)).
Fig. A2 Comparison of time variant aerodynamic characteristics of SC1095 with optimized airfoil (Ma= 0.4, Re= 5.0 · 106,
k= 0.075, a= 8+ 8sin(xt)).
Fig. A4 Comparison of aerodynamic characteristics of SC1095 airfoil with optimized airfoil under steady condition (Ma= 0.4,
Re= 5.0 · 106).
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